measured in intact R. sphaeroides cultures harboring or lacking carotenoids (16) . Upon addition of the photosensitizer methylene blue, growth transiently slows down in the presence of light but then continues at rates almost as high as those of controls in the dark (16) . This implies an adaptive response to 1 O 2 . Although, as in other organisms, carotenoids play a major role in the defense against photooxidative stress in R. sphaeroides (8) , the carotenoid content shows little change in the presence of 1 O 2 (16) . However, the mRNA levels for a glutathione (GSH) peroxidase and a putative Zn-dependent hydrolase were strongly increased by 1 O 2 (16) . The upregulation of the genes encoding RpoE and RpoH II (previously called 38 ) and of some genes with putative RpoE and RpoH II target sequences upon blue-light illumination suggested a role for these sigma factors in the organism's response to photooxidative stress (6) . While RpoE belongs to the ECF (extracytoplasmic function) family of sigma 70 factors (36) , RpoH I and RpoH II are members of the sigma 32 family of proteins (25) . Dissociation of RpoE from the anti-sigma factor ChrR activates expression of genes involved in the response to 1 O 2 (2, 3) . A putative RpoE target sequence upstream of the rpoH II gene suggested that its expression is under RpoE control (3, 6) .
Recently, we have identified cytoplasmic proteins of R. sphaeroides which show increased synthesis rates upon 1 O 2 exposure (17) . While this response was RpoE dependent for some of the proteins, it was independent of RpoE for others. There was only a small overlap of RpoE-dependent genes, as detected by transcriptome analysis (3) , and of genes encoding proteins whose expression is dependent on RpoE (17) . We wanted to test the hypothesis that RpoH II directly activates some of the RpoE-dependent genes and that RpoH II 
MATERIALS AND METHODS
Bacterial strains and growth conditions. R. sphaeroides strains were grown at 32°C in minimal salt medium containing malate as the carbon source (14) . Aerobic growth conditions with a concentration of 160 to 180 M of dissolved oxygen were established by gassing cultures with air in flat glass bottles or by continuous shaking of Erlenmeyer flasks at 140 rpm with a culture volume of 20%. In semiaerobic cultures, a volume of 80% in Erlenmeyer flasks and shaking at 140 rpm led to a dissolved-oxygen concentration of approximately 25 M. For heat shock experiments, aerobic cultures were shifted to 42°C in a water bath. When necessary, trimethoprim (50 g ml Ϫ1 ) or spectinomycin (10 g ml Ϫ1 ) was added to liquid and solid growth media, which contained 1.6% agar. Antibiotics were omitted from precultures, cultures, and agar plates used for R. sphaeroides strains during stress experiments and inhibition zone assays (see below) to ensure identical culture conditions. Escherichia coli strains were grown at 37°C in LB medium with continuous shaking at 180 rpm or on solid growth medium.
Construction of an R. sphaeroides rpoH II deletion mutant. R. sphaeroides strain 2.4.1⌬rpoH II was generated by transferring the suicide plasmid pPHU2. 4 Table S1 in the supplemental material). The PCR fragments obtained, including the promoter region of rpoH II , were cloned into pPHU281 (23) by using the appropriate restriction endonucleases. Then, the ⍀Sp r /St r cassette obtained from plasmid pHP45⍀ (41) was inserted into the BamHI restriction site to obtain the plasmid pPHU2.4.1rpoH II ::⍀Sp r /St r . The plasmid pPHU2.4.1rpoH II ::⍀Sp r /St r was transferred into E. coli strain S17-1 (45) and mobilized into R. sphaeroides wild-type strain 2.4.1 by biparental conjugation. Conjugants were selected on malate minimal medium agar plates containing 10 g spectinomycin ml Ϫ1 . Southern blot analysis of chromosomal DNA isolated from spectinomycinresistant and tetracycline-sensitive conjugants were carried out to confirm that the double crossover of the ⍀Sp r /St r cassette into the R. sphaeroides chromosome had occurred. For this purpose, the linearized plasmid pPHU281, the rpoH II upstream region also used for construction of the deletion mutant, and the ⍀Sp r /St r cassette were radioactively labeled by nick translation and used as probes. For complementation of 2.4.1⌬rpoH II , a 1.0-kb PCR fragment containing the entire rpoH II gene, along with 104 bp of the upstream sequence and 11 bp of the downstream sequence, was amplified by using the oligonucleotides RSP0601_ UP_EcoRI and RSP0601_DWN_EcoRI. The PCR fragment obtained was cloned into the pDrive vector (Qiagen, Hilden, Germany). Digestion of the pDrive vector containing the insert with PstI and XbaI, followed by cloning with the same restriction sites into plasmid pRK415 resulted in plasmid pRK2.4 .1rpoH II . This plasmid was subsequently transformed in E. coli S17-1 and conjugated with strain 2.4.1⌬rpoH II to obtain the complemented strain 2.4.1⌬rpoH II (pRK2.4.1rpoH II ). In addition, we complemented strain 2.4.1⌬rpoH II with a plasmid harboring a 1.8-kb fragment which contained the entire rpoH II and RSP0600 genes, along with 104 bp of the upstream sequence of rpoH II and 14 bp of the downstream region of RSP0600. The fragment was amplified using the oligonucleotides RSP0601_UP_EcoRI and RSP0600_DWN_EcoRI. This fragment was cloned into pRK415 and transferred to strain 2.4.1⌬rpoH II with the same strategy as that used for constructing 2.4.1⌬rpoH II (pRK2.4.1rpoH II ) to obtain strain 2.4.1⌬rpoH II (pRK2.4.1rpoH II RSP0600).
Measurement of sensitivity to 1 O 2 . For inhibition zone assays, 0.05-ml volumes of exponential-phase R. sphaeroides cultures (optical density at 660 nm of 0.5), grown under semiaerobic conditions, were diluted into 5 ml of prewarmed top agar (0.8% agar) and layered onto minimal malate medium agar plates. Filter High light and photooxidative-stress conditions. High light and photooxidative-stress conditions were established as described previously (16) . In brief, cultures were grown under semiaerobic conditions overnight to obtain pigmented cells. Cultures were diluted to an optical density at 660 nm of 0.2 and allowed to double once under aerobic growth conditions in darkened flat glass bottles. High light conditions were generated by illumination with 800 W m Ϫ2 of white light, and for photooxidative stress, 1 O 2 -producing methylene blue was added to liquid cultures at a final concentration of 0.2 M.
Radioactive labeling of proteins. Samples of 7 ml were retrieved from R. sphaeroides cultures, 15 Ci of L-[
35 S]methionine (GE Healthcare, München, Germany) was added, and incubation was performed for 10 min under the experimental conditions described above. Samples were cooled on ice after incubation, and cells were harvested by centrifugation at 10,000 ϫ g for 10 min at 4°C and stored at Ϫ20°C until further processing.
Gel-based proteome analysis. Proteome analysis performed by two-dimensional (2D) gel electrophoresis followed the procedure described previously (17) . In brief, for the extraction of soluble proteins, harvested cells were washed and disrupted by sonication. Intact cells and cell debris were removed by centrifugation, and the supernatant was used for ultracentrifugation at 100,000 ϫ g. The radioactive label was quantified in the colorless supernatant by adding 10-l aliquots to 1 ml of rotiszint scintillation cocktail (Roth, Karlsruhe, Germany) and measured in a Beckmann LS-6500 scintillation counter (Beckmann Coulter, Fullerton, CA). For 2D gel electrophoresis, protein samples containing 1.5 ϫ 10 6 cpm were treated with RNase A (Qiagen) and RQ1 DNase I (Promega, Madison, WI) to remove nucleic acids. Proteins were precipitated using trichloroacetic acid, and the protein pellets were dried and then solubilized in sample buffer (17) . Then, samples were applied to immobilized pH gradient strips (ReadyStrip; Bio-Rad, Hercules, CA). After isoelectric focusing, proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and gels were fixed, dehydrated, dried, and exposed to phosphorimaging screens for 48 h. Phosphorimages were read with a Molecular Imager FX (Bio-Rad) set to a resolution of 100 m.
Protein spots on digital phosphorimages were compared using Delta2D version 3.3 software as described by the manufacturer (Decodon, Greifswald, Germany).
Extraction of RNA. Cell samples from growth experiments were rapidly cooled on ice and harvested by centrifugation at 10,000 ϫ g in a cooled centrifuge. For 5Ј rapid amplification of cDNA ends (RACE), total RNA was isolated using hot phenol and quantified by photometric analysis at a wavelength of 260 nm. Samples were treated with 1 U of RNase-free DNase I (Invitrogen) per 1 g RNA to remove contaminating DNA. After DNase I treatment, the RNA was purified by standard procedures using a mixture of phenol-chloroform-isoamyl alcohol and chloroform-isoamyl alcohol before being precipitated with sodium acetate and ethanol. For real-time reverse transcription-PCR (RT-PCR), total RNA was isolated by Total RNA isolation reagent (TRIR; ABGene, Epsom, United Kingdom) as described by the manufacturer. After extraction, DNase I treatment and purification of RNA samples were carried out as described above. Contamination by any remaining DNA was detected by PCR amplification of RNA samples, using primers targeting gloB (RSP0799) (see Table S1 in the supplemental material), as described previously (16).
5 RACE. For the determination of 5Ј mRNA ends using 5Ј RACE, 5 g of total RNA was reverse transcribed into cDNA by using 20 U of avian myeloblastosis virus reverse transcriptase (Promega) and 12.5 pmol of gene-specific primers (gloA-RACE-1, gst-RACE-1, RSP3075-RACE-1, and 2.4.1rpoZ-B [see Table S1in the supplemental material]). RT was performed for 1 h at 50°C and then 15 min at 60°C with all primers in one reaction mixture. cDNA was then purified with a High Pure PCR product purification kit (Roche). The purified cDNA was poly(A) tailed using 20 U of terminal transferase (Fermentas). Poly(A) tailing was performed for 30 min at 37°C, and the terminal transferase was then heat inactivated at 70°C for 10 min. The poly(A)-tailed cDNAs served as templates for the first of two PCRs. The first PCR was performed using the oligo(dT) anchor primer and a gene-specific RACE-1 primer. For the second PCR, the PCR anchor primer and the gene-specific RACE-2 primer (nested PCR) were used. Resulting PCR products were cloned into the pDrive cloning vector (Qiagen) and sequenced with the respective gene-specific RACE-2 primer.
Real-time RT-PCR.
Primers employed for analyzing the relative expression of target genes, using real-time RT-PCR, are listed in Table S1 in the supplemental material. For normalization of mRNA levels, the rpoZ gene, which encodes the subunit of RNA polymerase of R. sphaeroides, was used (39) . Conditions for real-time RT-PCR were previously described in detail (16, 17) . For real-time RT-PCR, a final concentration of 4 ng l Ϫ1 of total RNA was applied using a one-step RT-PCR kit (Qiagen), and Sybr green I (Sigma-Aldrich) was added at a final dilution of 1:50,000 to the master mixture to detect double-stranded DNA. The relative expression of target genes was calculated relative to the expression of untreated samples and relative to that of rpoZ (40) . PCR efficiencies were 2.02 for rpoZ, 1.98 for ggt, 2.31 for gloB, and 2.02 for gpx (16, 17) . Additional PCR efficiencies were determined experimentally using serial dilutions of RNA, as follows: 2.04 for rpoE, 2.09 for rpoH II 
RESULTS
RpoH II contributes to the defense of R. sphaeroides against 1 O 2 . We constructed an rpoH II deletion mutant of R. sphaeroides as described in Materials and Methods. Inhibition zone experiments revealed a significantly higher sensitivity to 1 O 2 exposure for the rpoH II mutant than for the isogenic wild-type strain 2.4.1. The diameter of the zone of inhibition observed for wild-type strain 2.4.1 was 2.6 Ϯ 0.1 cm (mean Ϯ standard deviation) (n, 3); and it was increased in the rpoH II mutant to 3.2 cm (n, 3) when 10 mM methylene blue was applied in the presence of light for the generation of 1 O 2 . Inhibition zones observed for the wild type and for the rpoH II mutant that harbored plasmid pRK415 were not significantly different from those described above (see Table S2 in the supplemental material). The deletion of rpoH II in strain 2.4.1⌬rpoH II was complemented in trans by the expression of rpoH II on a low-copynumber plasmid yielding strain 2.4.1⌬rpoH II (pRK2.4.1rpoH II ). To control for polar effects of the rpoH II deletion on the RSP0600 gene located downstream of rpoH II , a second plasmid containing rpoH II and RSP0600 was used for complementation of the rpoH II mutant, resulting in strain 2.4.1⌬rpoH II (pRK2.4 .1rpoH II RSP0600). Inhibition zones of the two complemented rpoH II mutants formed upon 1 O 2 exposure were not significantly different from those obtained with the wild type (see Table S2 in the supplemental material). The diameters measured 2.5 Ϯ 0.1 cm (n, 3) for the former and 2.4 Ϯ 0.1 cm (n, 3) for the latter strain. From these observations, we conclude that RpoH II is involved in the response of R. sphaeroides to 1 O 2 and that the higher sensitivity of the rpoH II mutant is not due to polar effects of the resistance cassette on the downstream gene. Further inhibition zone tests revealed that there were no significant differences in resistance to hydrogen peroxide or superoxide generated by the addition of paraquat between the rpoH II mutant and the wild type (see Table S2 in the supplemental material).
The rpoH II gene is triggered by exposure to 1 O 2 . In order to assess in detail the factors that trigger the expression of rpoH II , we used real-time RT-PCR to quantify the relative expression levels of the rpoH II gene in wild-type and mutant strains under different growth conditions. A 15-fold increase in the rpoH II mRNA level was observed 7 min after the onset of 1 O 2 exposure in the wild type but not in strain TF18, which lacks RpoE and its anti-sigma factor ChrR (Fig. 1A) . This result is in agreement with the RpoE-dependent expression of rpoH II (3) . Under the same conditions, the mRNA level of rpoE was increased 10-to 12-fold in the wild type and rpoH II mutant, confirming earlier findings that rpoE is triggered by 1 O 2 exposure (3, 17) .
RpoH II is a member of the sigma 32 family of proteins, implying a role in heat shock response. Like RpoH I of R. sphaeroides, RpoH II can complement the temperature-sensitive phenotype of an E. coli rpoH mutant (19) . We therefore compared the mRNA levels of rpoH I and rpoH II and also of rpoE after exposure to 1 O 2 and heat shock (Fig. 1B) . To verify that our growth conditions initiated a heat shock response, relative expression levels of the known heat shock gene groEL (25) were monitored. The groEL levels were increased eightfold in both the wild type and the rpoH II mutant after heat shock (data not shown). This result is in agreement with the heat shock response observed previously for R. sphaeroides (25) and with the finding that the rpoH II mutant is not heat sensitive. The rpoE mRNA level increased about 12-fold upon 1 O 2 exposure and about 5-fold after heat shock (Fig. 1B) Fig. 2; Table 2 ). Overall, most of the proteins (76%) characterized by the proteome analysis as RpoE dependent (category 1) (17) and conditionally RpoE dependent (category 2; less induction in a mutant lacking RpoE) showed dependency on RpoH II , whereas RpoEindependent proteins (category 3) were not affected by the lack of RpoH II .
Products of the genes gloA, ggt, adh, RSP2314, RSP3075, RSP3076, and RSP3164 with a predicted RpoH II target sequence (6) did not show a significant response to 1 O 2 in the rpoH II mutant (Table 2 ). In total, 25 proteins previously shown to be dependent or conditionally dependent on the presence of RpoE (17) were synthesized at lower or undetectable levels in the rpoH II mutant, as indicated by blue protein spots in superimposed 2D gels and decreased relative spot intensities ( Fig. 2 ; Table 2 ). Other proteins depending on RpoH II in category 1 are encoded by the genes gst (RSP1591), eda, prxQ, rpsB, RSP0423, and RSP2268. In category 2, proteins encoded by the genes bfr, cysE, gloB (RSP0799), gloB (RSP2294), gst (RSP1397), pgl, pqqL (RSP1096, RSP1097), RSP0663, RSP1415, RSP1507, and catA were significantly affected by the deletion of rpoH II ( Fig. 2; Table 2 ). In the complemented strain 2.4.1⌬rpoH II (pRK2.4.1rpoH II ), most RpoH II -dependent proteins were synthesized in amounts that were similar to that of the wild-type strain 2.4.1. For Ggt, PqqL (RSP1097), and RSP1507, however, the amounts of synthesized proteins were restored to less than 50% of that of the wild type ( Table 2 ). The amounts of proteins synthesized in strain 2.4.1⌬rpoH II (pRK2.4.1rpoH II RSP0600), which also contains the RSP0600 gene downstream of rpoH II , were similar to those of the wild-type strain, with the exceptions of Gst, RSP2314, and PqqL (RSP1096) ( Table 2) .
Only one protein that increased in synthesis upon 1 O 2 exposure was encoded by a gene with a preceding RpoE target sequence: RSP1852, encoding a hypothetical protein related to UV endonucleases (3, 6, 17) . A second gene, RSP1464 (dsbG, encoding a periplasmic disulfide isomerase), overlaps with RSP1465, which as yet has no function assigned and is preceded by a putative RpoE target sequence (17) . Both proteins were synthesized in the rpoH II mutant when it was exposed to 1 O 2 ( Fig. 2; Table 2 ), which underlines their regulation in an RpoE-dependent but RpoH II -independent manner.
Additional RpoE-dependent proteins not affected by the deletion of rpoH II were found in category 2 (encoded by  RSP0355, RSP0558, RSP1410, sucC, sucD, and hisH) synthesis of proteins previously classified as RpoE independent (category 3) was also not altered by the deletion of rpoH II . This is reflected by, e.g., the synthesis of OmpR, which is not altered in strain 2.4.1⌬rpoH II , as depicted in superimposed 2D gels ( Fig. 2 ; Table 2 ). RpoH II -dependent gene expression. In order to determine the role of RpoH II in the expression of strictly RpoH II -dependent genes, we compared mRNA levels of some of the genes in the rpoH II mutant with those in the rpoE-chrR mutant strain TF18 and in the wild-type strain 2.4.1 by real-time RT-PCR (Fig. 3) . We included gpx, for which we did not detect a protein in our proteome analysis. Relative mRNA levels of gpx were increased upon exposure to 1 O 2 (16) and blue light, and the gene carries a putative RpoH II target sequence in the upstream region (6) . Significantly increased mRNA levels (increased by factors of 3 to 10) were observed for the genes gloA, gloB (RSP0799), adh, ggt, gst (RSP1591), gpx, and RSP3075 in the wild type after 7 min of 1 O 2 exposure (Fig. 3) . In contrast, no significant increase in mRNA levels of the above-mentioned genes was observed for the rpoH II mutant. Interestingly, we observed a small increase in mRNA levels in the case of all tested genes, except for gst (RSP1591) in strain TF18. Complementation of the rpoH II mutant with plasmids harboring rpoH II or rpoH II and RSP0600 restored the relative expression, upon 1 O 2 exposure, of all genes mentioned above. For all of the investigated genes except gst (RSP1591), the relative expression was even higher than that of the wild type, but significantly increased values were observed only for gloB (RSP0799) (Fig. 3) . Because the rpoH II mRNA level was also slightly increased by heat shock (Fig. 1B) , mRNA levels of the RpoH II -dependent gene gst (RSP1591) measured under photooxidative stress (Fig. 3) were compared to those in response to heat stress (data not shown). Exposure to heat failed to induce gst (RSP1591) in both the wild-type 2.4.1 and the rpoH II mutant cultures, which supports the specific role of RpoH II -dependent gene expression in response to 1 O 2 exposure. Identification of putative RpoH II -specific target sequences. To confirm that transcription initiates at the predicted target sequences for some of the RpoH II -dependent genes, we mapped 5Ј ends of the mRNA by 5Ј RACE (Fig. 4) . For this purpose, we chose gloA, gst (RSP1591), and RSP3075 to investigate genes that strongly depend on RpoH II (Fig. 3) .
5Ј RACE was performed with RNA extracts from the wild type and strain 2.4.1⌬rpoH II after they were exposed to 1 O 2 . To assess the relative changes in expression, cDNA synthesis was performed with gene-specific primers in the same reaction (see Table S1 in the supplemental material). For all three genes, specific products were PCR amplified from wild-type cultures. Amplification of PCR products obtained from RNA extracts of strain 2.4.1⌬rpoH II was much weaker for gloA and gst (RSP1591) and missing for RSP3075 in comparison to those for the wild type (Fig. 4) . A primer specific for rpoZ, a gene used for normalization in the real-time RT-PCR approach described previously (39) , yielded PCR products from both strains of very similar intensities (Fig. 4) . These data strongly support the RpoH II -dependent expression of genes encoding proteins not synthesized upon 1 O 2 exposure in strain 2.4.1⌬rpoH II . 5Ј ends were determined by sequencing the amplified DNA fragments after cloning them into the pDrive vector. Putative Ϫ10 and Ϫ35 RpoH II target sequences were found for all three genes upstream of the 5Ј end of the respective PCR products (Fig. 4) .
Those putative target sequences were similar to those of previously predicted RpoH II -dependent promoters (6) but exhibited differences in the Ϫ35 and Ϫ10 regions compared to target sequences located upstream of the start codon of several heat shock-triggered genes and recognized by both RpoH I and RpoH II (19) . The Ϫ35 region putatively recognized by RpoH II during 1 O 2 exposure contains not only TTG but also TTT or TGG and is flanked by GC-rich positions (Fig. 4) . In contrast, (17) . Boldface proteins depend on RpoH II ; †, predicted RpoH II target sequence (6) . Mean values of three independent experiments are depicted for the rpoH II mutant and for the two complemented mutants.
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RpoH II IN SINGLET OXYGEN RESPONSE OF R. SPHAEROIDES 225 the conserved Ϫ10 region consists of CTAGCT for all three genes investigated and is separated from the corresponding Ϫ35 region by 15 to 16 bp. For comparison, the RpoH I -specific promoter P1 of dnaK is shown, which differs in the Ϫ10 region by the exchange of GC with TA (Fig. 4) . Changes in methylglyoxal sensitivity. The proteome analysis approach indicated that several proteins lacking in the rpoH II mutant upon 1 O 2 exposure are involved in the degradation of methylglyoxal (Table 2 ). This toxic nucleophile accumulates during the disorder of sugar metabolism and oxidative stress and is spontaneously formed within cells (24) . Differences between the rpoH II mutant and the wild type in sensitivity to methylglyoxal were observed in inhibition zone assays. Inhibition zones observed for the wild type were 3.2 Ϯ 0.1 cm in diameter and were significantly increased to 3.6 Ϯ 0.1 cm for the rpoH II mutant. Strains harboring plasmid pRK415 yielded no significantly different inhibition zone values (see Table S2 in the supplemental material). The inhibition zone diameters FIG. 3 . Selected functional genes depending on RpoH II for expression, which contained a putative RpoH II promoter (6) . Relative expression levels of gloA, gloB (RSP0799), adh, ggt, gst (RSP1591), gpx, and RSP3075 in strain 2.4.1 (black bars), 2.4.1⌬rpoH II (white bars), rpoE chrR mutant strain TF18 (gray bars), strain 2.4.1⌬rpoH II (pRK2.4.1rpoH II ) (hatched bars), and 2.4.1⌬rpoH II (pRK2.4.1rpoH II RSP0600) (stippled bars) were determined after 7 min of incubation under photooxidative-stress conditions. Relative expression was determined by real-time RT-PCR. Levels of significance are indicated as follows: * , P Յ 0.01; ** , P Յ 0.05; and *** , P Յ 0.1 .   FIG. 4 . Separation of 5Ј RACE products obtained from RNA extracts of wild-type and rpoH II mutant cultures after 10 min of photooxidative stress. PCR products obtained after the second PCR (nested) were separated on a 10% polyacrylamide gel and stained with ethidium bromide. Upstream of the 5Ј ends of the sequences corresponding to the depicted DNA bands, RpoH II target sequences were found and are depicted as aligned sequences below the gel image. DNA marker lanes, 100-bp ladder. In the alignment, transcription start sites are underlined and putative Ϫ35 and Ϫ10 regions are printed in bold letters. The dnaK P1 promoter sequence is shown for comparison and is recognized only by RpoH I in vitro (19 (Fig. 1A) . rpoH II was one of the genes identified among the few that are preceded by an RpoE target sequence in the promoter region (3, 6) . Interestingly, a rather small number of genes belonging to the RpoE regulon exhibit a conserved RpoE target sequence (3, 6, 17) . Their functions are restricted to DNA repair upon UV damage (photolyase, phrA), energy metabolism (cytochrome A, cycA; the cyclopropane/cyclopropene fatty acid synthesis RSP1091 protein), gene regulation (rpoE, rpoH II , and the tspO-like RSP1409 protein), transformation of thiols (RSP3184 and dsbG), and hypothetical functions (RSP1465 and RSP1852). Therefore, the function of proteins encoded by genes exhibiting a conserved RpoE target sequence are rather different than those of the RpoH II regulon (see below), which provides evidence that a functional hierarchy exists in the response to 1 O 2 exposure.
Our findings show that most of the genes encoding proteins that directly or conditionally depend on RpoE but do not contain a conserved RpoE target sequence are indeed controlled by RpoH II ( Fig. 2 to 4 ; Table 2 ). Unlike time-oriented sigma factor cascades that regulate, e.g., sporulation, the RpoE-RpoH II cascade controls a functional hierarchy characterized by (i) the rapid induction of RpoH II -dependent protein synthesis upon 1 O 2 exposure (17) and (ii) the function of proteins encoded by genes preceded by RpoE and RpoH II target sequences (Table 2) .
Slightly increased mRNA levels of RpoH II -dependent genes were observed upon 1 O 2 exposure in the TF18 strain lacking rpoE but not in the rpoH II mutant, except for gloB (RSP0799) (Fig. 3) . This finding indicates that the expression of rpoH II may be triggered to a small extent by further molecular factors acting directly on rpoH II that have yet to be identified. Although rpoH I transcript levels were increased by 1 O 2 exposure up to 12-fold, the synthesis of typical heat shock proteins such as HslO was increased only 2-to 3-fold compared to that of control conditions (17) , and spot intensities of additional heat shock proteins such as GroEL and DnaK were not increased (data not shown). In Agrobacterium tumefaciens, the activity of RpoH I is controlled by the chaperone DnaK, which releases RpoH I under heat shock conditions (35) . It remains to be elucidated if RpoH I of R. sphaeroides is controlled by a mechanism similar to that in A. tumefaciens.
Analysis of the rpoH II mutant and the complementation with plasmids harboring rpoH II or rpoH II and RSP0600 show that sensitivity to 1 O 2 and methylglyoxal is caused by the deletion of rpoH II . The amounts of proteins synthesized in the complemented strains are not restored to wild-type levels for all proteins, e.g., those encoded by ggt and gst (Table 2) . However, mRNA levels were restored for both genes and were not different for the two complemented strains.
RpoH II controls a functional response to 1 O 2 exposure. The role of RpoH II -type sigma factors, which are widely distributed among organisms in the Alphaproteobacteria (19) , is largely unknown with respect to environmental response and function of the controlled genes. The proposed function of genes under RpoH II control may explain the adaptive response to photooxidative stress observed for R. sphaeroides (17) .
1 O 2 reacts with a variety of cellular molecules, such as proteins, lipids, DNA, and RNA, and forms partially oxidized reaction products, e.g., protein and lipid peroxides, which are toxic to cells (11, 22) . Our data show that several genes encoding proteins involved in GSH-dependent and -independent detoxification of 1 O 2 reaction products are controlled by RpoH II ( Table 2 ).
The first group of RpoH II -dependent proteins is involved in the GSH-dependent detoxification of reaction products formed from cellular macromolecules interacting with 1 O 2 . Gst (RSP1591 and RSP1397, encoding glutathione S-transferase) catalyzes the detoxification of a wide range of molecules that harbor an electrophilic carbon, sulfur, or nitrogen atom and may reduce organic peroxides (22) . Mechanistically, conjugates of the electrophilic substrates are formed with GSH. Those conjugates may be further metabolized by Ggt (RSP3272, encoding ␥-glutamyltransferase) and aminopeptidases, which subsequently cleave the glutamyl and glycine residues (22) . In R. sphaeroides, Ggt may represent a periplasmic protein that also ensures regeneration of GSH and redox homeostasis. The aminopeptidase function is unclear but may be carried out by the RpoH II -dependent putative Zn-dependent peptidases encoded by RSP1096 and RSP1097, which harbor a PqqL peptidase motif. PQQ was shown to be a factor for survival against oxidative stress in vitro (33) and in a bacterial system such as that of E. coli (27) .
The second group of RpoH II -dependent proteins is involved in the degradation of peroxides. The gene product of prxQ (RSP2973, encoding a peroxiredoxin) was shown to reduce H 2 O 2 and cumene hydroperoxide in vitro, and the deletion of prxQ leads to an increased sensitivity to exposure to 1 O 2 and other reactive oxygen species (48) . Gpx (RSP2389, encoding GSH peroxidase) was induced by organic hydroperoxides in Chlamydomonas reinhardtii (15, 30) , and bovine Gpx degraded protein peroxides in vitro (10, 34) . Although mRNA levels were increased upon 1 O 2 exposure (16), Gpx was not detected on 2D gels of soluble proteins (Fig. 2) (28) and amino acid breakdown and may accumulate under oxidative stress (24) . This strong nucleophile rapidly reacts with macromolecules such as proteins and nucleic acids (9) . Therefore, intracellular accumulation needs to be avoided to prevent cellular damage (24) . Synthesis of proteins involved in GSH-dependent and -independent pathways of methylglyoxal degradation are controlled by RpoH II in R. sphaeroides (Table 2) . GSH-dependent degradation of methylglyoxal is carried out by GloA and GloB (RSP0799 and RSP2294, respectively), which represent the glyoxalase system forming D-lactate as an end product (Fig. 5) . Degradation of methylglyoxal independently of GSH is performed by methylglyoxal reductase, aldo-keto reductases, and alcohol dehydrogenases, thereby forming lactaldehyde and 1,2-propanediol (Fig. 5) . The oxidoreductases YeaE and YghZ found in E. coli have been shown to degrade methylglyoxal in vitro in an NADPH-dependent manner (29) . A BLAST search (1) revealed the aldo-keto reductases related to DkgA, YeaE, and YghZ in R. sphaeroides: the RpoH IIdependent RSP0423 and RSP2314 oxidoreductases (27 to 46% identity) (Fig. 5) . The acetol formed by those oxidoreductases may be degraded by the predicted RSP1507 aldehyde dehydrogenase to 1,2-propanediol, which may then be further metabolized by the RSP3537 product, a predicted alcohol dehydrogenase (not shown in Fig. 5 ). The control of methylglyoxal-degrading pathways by RpoH II is supported by an increased sensitivity of the rpoH II mutant to methylglyoxal. Further studies of the functions of those proteins need to be performed to verify their role in the response to 1 O 2 , with respect to methylglyoxal detoxification in R. sphaeroides.
Our data show that several of the RpoH II -dependent proteins make use of GSH-dependent and -independent reactions to elicit a cellular response to prevent 1 O 2 -caused damages. GSH obviously plays a central role in the defense of R. sphaeroides against 1 O 2 , which exceeds direct scavenging of 1 O 2 by GSH, as proposed previously (11, 13) . Interestingly, 5-methyltetrahydrofolate exhibits the capacity to prevent photosensitizing reactions and may act as a 1 O 2 scavenger (37). A putative formate-tetrahydrofolate ligase (RSP0663) is under the control of RpoH II . Alternatively, 5-methyltetrahydrofolate would need to be regenerated under photooxidative stress, because it is specifically damaged by 1 O 2 and acts as a cofactor of, e.g., photolyases and cryptochromes (42) .
Additional proteins controlled by RpoH II that are putatively involved in oxidative-stress responses are Bfr (bacterioferritin) and the RSP3164 (ferredoxin-like) protein, which represent iron-binding proteins. The control of intracellular iron concentration is pivotal to preventing the formation of hydroxyl radicals by the reaction of iron(II) with peroxides via the Fenton reaction (18) . Ferredoxins are involved in cellular redox reactions and may serve as electron donors for the detoxification of reactive oxygen species. In conclusion, the RpoH II regulon defined by the investigation of the rpoH II mutant by using a proteome approach revealed a functionally sharply defined and newly assigned role for RpoH II in controlling genes in R. sphaeroides in response to 1 O 2 exposure. Current model of RpoE-RpoH II -controlled gene expression under photooxidative stress. Our current model of gene regulation upon photooxidative stress displays the interaction of the rpoE and rpoH II gene products (Fig. 6 ). The recognition of 1 O 2 or 1 O 2 -caused damage by R. sphaeroides is not clear to date. However, a recently recognized Zn-binding site in the anti-sigma factor ChrR may be involved in the recognition of 1 O 2 (7), which may ultimately lead to the dissociation of the RpoE/ChrR complex. The binding of RpoE to specific target sequences triggers the expression of a small number of genes, including rpoE itself and rpoH II (3, 6) . Thereby, expression and activity of RpoE are increased and rpoH II -dependent genes are induced. The functions of genes that harbor an RpoE target sequence did not explain the adaptation of R. sphaeroides to photooxidative stress. In contrast, genes that harbor an RpoH II FIG. 5. Role of selected RpoH II -dependent proteins in GSH-dependent and GSH-independent degradation of methylglyoxal. The putative functions of the depicted proteins were inferred from comparisons to homologous proteins based on BLAST search results. HTA, hemithioacetal; SLG, S-D-lactoylglutathione. For the functions of the depicted proteins, see (3, 17) and the putative target sequences for RpoH II identified in this study (Fig. 4) are depicted.
target sequence encode defense systems responding to oxidative stress. GSH-dependent and GSH-independent mechanisms controlled by RpoH II remove organic peroxides generated by the reaction of 1 O 2 with macromolecules, and accumulation of toxic by-products such as methylglyoxal is prevented. Genes involved in the regeneration or production of 1 O 2 -specific scavengers or metabolites that are especially prone to 1 O 2 reaction, such as GSH (13) and 5-methyltetrahydrofolate (37) , are under the control of RpoH II .
RpoH II -like sigma factors have so far been recognized only in the Alphaproteobacteria (19) and may control rather specific functions. In Brucella melitensis, the gene BMEI0280 (rpoH1) represents the R. sphaeroides rpoH II homolog. This gene is not involved in the response to heat stress but may be important for the chronicity of B. melitensis infection (12) . In Sinorhizobium meliloti, rpoH II is induced during stationary phase, and an rpoH II mutant showed that the resulting strain is not heat sensitive (38) . Because several Alphaproteobacteria have two or even three rpoH homologs, it is reasonable to assume that one of the two heat shock sigma factors was recruited for functions other than defense against heat shock. Our regulon analysis represents the first in vivo study of an RpoH II -type sigma factor by using an rpoH II mutant background and indicates that it is crucial for the regulation of defense systems against photooxidative stress in R. sphaeroides. Furthermore, our data indicate that the 1 O 2 -dependent signal triggers the recognition of RpoH II -specific target sequences and that the RpoH II -dependent response is to some extent independent from RpoE.
